Little is known about possible interactions between chloroplasts and the Golgi apparatus, although there is increasing evidence for a direct Golgi to chloroplast transport pathway targeting proteins to their destinations within the membranes and stroma of plastids. Here data are presented showing that a blockage of secretion results in a significant increase of starch within plastids. Golgi disassembly promoted either by the secretory inhibitor brefeldin A or through an inducible Sar1-GTP system leads to dramatic starch accumulation in plastids, thus providing evidence for a direct interaction between plastids and Golgi activity. The possibility that starch accumulation is due either to elevated levels of cytosolic sugars because of loss of secretory Golgi activity or even to a blockage of amylase transport from the Golgi to the chloroplast is discussed.
Introduction
An amyloplast is a mature plastid where most of the internal volume is filled with starch. Plastids of this type are typically found in differentiated root cells, particularly in the root cap (Barlow et al., 1984) . Amyloplasts are also found in storage tissues, such as cotyledons, endosperm, and tubers. The number, size, and morphology of the starch grains that are present in an amyloplast vary depending on the tissue. Typically the amyloplasts of potato tubers display one very large starch grain, whereas the amyloplasts of root cap cells may contain up to eight tightly packed starch granules. Chloroplasts can also contain starch at varying levels and therefore fulfil a double role as photosynthetically active and starch-storing plastids. Thus, the function of starch-containing plastids is to synthesize and store starch when carbohydrates are available in excess. The stored starch can then be broken down to free sugars or sugar derivatives when the plant has a need for carbohydrates.
Starch and sucrose synthesis are dependent on the rate of CO 2 fixation (Smith and Stitt, 2007) . One of the key regulators of this mechanism is a triose-phosphate translocator located in the inner chloroplast membrane which imports inorganic phosphate (Pi) from the cytosol in exchange for triose-phosphates. Pi inhibits the plastid enzyme ADP-glucose-pyrophosphorylase, demonstrating that Pi has a direct influence on starch synthesis within the plastid stroma (Lunn, 2007) .
Starch breakdown is initially catalysed by two enzymes: the first is a b-amylase and the second a debranching enzyme (e.g.isoamylase or dextrinase) that catalyses subsequent hydrolysis to maltose and maltotriose (Delatte et al., 2006; Zeeman et al., 2007) . Starch granules in leaves are thin and disc shaped, allowing for an optimal surface to volume ratio for starch-digesting enzymes. Starch degradation is controlled by a glucan water dikinase (Zeeman et al., 2007) and by a cytosolic transglucosidase (DPE2). In the absence of DPE2 maltose accumulates and starch degradation is blocked (Chia et al., 2004; Lu et al., 2006) . Free glucose then is activated to hexose phosphate via hexokinase. These reactions present several possible mechanisms for fine-tuning the rate of starch degradation. Starch accumulation and starch degradation are strongly associated with diurnal metabolism as, after a transition from light to dark, starch breakdown is initiated by a cascade of circadian-regulated enzymes (Zeeman et al., 2007) .
Considerably less is known about the relationship between other essential cellular processes such as mitosis, growth, secretion, and starch accumulation. Carbon availability is of major importance for a number of cellular processes such as cell division, cell wall polysaccharide production, and various glycosylation events. For example, carbon starvation can influence the level of transcripts encoding cell wall-producing proteins (Smith and Stitt, 2007) . However, a far more important factor is the repression of cell cycle-and cell growth-related proteins and the lack of glycosylation processes (Osuna et al., 2007) . A global inhibition of protein synthesis and secretion conserves carbon supply and protects the cells from starvation for a limited time (Smith and Stitt, 2007) . Starvation processes are reversible within 30-120 min after restoring a carbon supply. An increase in cytoplasmic sugars could therefore result in a build up of starch in the plastids.
The experiments reported here are based on a stepwise disassembly of the Golgi apparatus using the well-established secretion inhibitor brefeldin A (BFA) and the inhibition of endoplasmic reticulum (ER) export through expression of a mutant version of the GTPase Sar1p responsible for COPII recruitment at ER exit sites (daSilva et al., 2004; Osterrieder et al., 2010) . The macrocyclic lactone BFA is an important tool in studying membrane dynamics in the eukaryotic secretory pathway and has been shown to block secretion at the level of the Golgi apparatus (Nebenfü hr et al., 2002; Langhans et al., 2007; Robinson et al., 2008) . Here it is demonstrated that there is a marked increase in starch accumulation in plastids (both with and without chlorophyll) from a number of tissues and cell types when the secretory pathway is blocked by the two different methods. Tissue cultures which are dependent on a sugar source in their media also show the same effect as autotrophic plants.
Material and methods

Alga and culture conditions
Chlamydomonas noctigama (Strain SAG, University of Gö ttingen) was cultured in TAP medium (Amrhein and Filner, 1973) in 250 ml Erlenmeyer flasks at 25°C on a rotary shaker (190 rpm) . The cultures were subjected to a light (1 kLux)-dark cycle of 16 h:8 h. For inhibitor experiments, log phase cultures (4 d after subculturing) were used. Cell density usually lay between 1.8 and 2310 6 cells ml À1 (Hummel et al., 2007) .
BY-2 culture conditions and synchronization
Wild-type tobacco BY-2 (Nicotiana tabacum var. Bright Yellow 2) cells were cultivated by shaking (120 rpm) in the dark in Murashige and Skoog's medium (Murashige and Skoog, 1962) at 27°C. The suspension-cultured cells were maintained in the log-phase, subculturing weekly into fresh medium at a dilution of 1:50. The procedure of Langhans et al. (2007) was used to synchronize cultures. Both synchronized and unsynchronized cells were used to show that starch accumulation in plastids is not due to side effects of synchronization.
Arabidopsis plants
Arabidopsis seeds were surface sterilized. Plants were also grown for some assays on 13 MS agar plates (modified basal medium with Gamborg vitamins; KS) at pH 5.7, normally with 0.5% sucrose, and under constant light (30 lE m 2 s 1 ).
BFA treatment
BY-2 cells and C. noctigama cells were treated with 10 lg ml À1 BFA [Sigma Aldrich, stock 10 mg ml À1 in dimethylsulfoxide (DMSO)]. For Arabidopsis a concentration of 50 lg ml À1 was used.
Lugol staining
One drop of Lugol stain [5 g of iodine and 10 g of potassium iodide in 100 ml of distilled water (Bronner, 1975; Hinchman, 1973) ] was added to a slide loaded with BY-2 cells. Samples were incubated with the stain for 1 min prior to observation with a Zeiss Axioplan microscope (Carl Zeiss, Welwyn Garden City, UK).
Transient expression in transgenic tobacco plants
Agrobacterium-mediated expression of sialyltransferase (ST)-green fluorescent protein (GFP) in abaxial tobacco leaf epidermal cells was performed as described by Sparkes et al. (2006) .
Fluorescent glucose experiments
Fluorescent deoxyglucose {2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG); Molecular Probes, Eugene, OR, USA} at 5.6 mM in the presence or absence of 10 lg ml À1 BFA was added to 1 ml of BY-2 cells and incubated over a period of 7 h. Samples were taken and observed every hour by confocal microscopy .
Induction of Sar1-GTP in transgenic tobacco plants
The abaxial leaf sides of stable Sar1-GTP-inducible tobacco plants were painted with a freshly made up solution of 20 lg ml À1 dexamethasone and 0.02% Silwet Ò Copolymer L77 (Osterrieder et al., 2010) .
Confocal imaging
Live cell imaging of GFP expression in tobacco leaf epidermal cells was conducted with a Zeiss LSM 510 confocal laser scanning microscope using a 403/1.3NA or 6331.4NA oil immersion lens. GFP was excited using a 488 nm argon laser and emission was detected from 505 nm to 530 nm.
Electron microscopy
Leaf pieces and roots were chemically fixed in 1% glutaraldehyde and 1% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 6.9, washed three times in buffer, and postfixed in 2% aqueous osmium tetroxide for 90 min (Langhans et al., 2007) . Samples were washed four times in water and subsequently block stained overnight in 1% aqueous uranyl acetate (Hayat, 1975) . Samples were dehydrated in acetone and embedded in Spurr resin (Spurr, 1969) . Post-staining was carried out in 1-3% uranyl acetate in methanol followed by lead citrate for 5-10 min (Robinson et al., 1985) .
A fixation protocol similar to that previously described by Zhang and Robinson (1986) was used to fix C. noctigama cells, with the following modifications: the concentrations of the fixatives in the primary fixation solution were 1% glutaraldehyde and 1% osmium tetroxide, and the buffer used throughout was 0.1 M cacodylate pH 7.0 (Hummel et al., 2007) . Fixed cells were dehydrated and embedded as in Zhang and Robinson (1986) .
Starch assay
The starch assay followed the protocol of Smith and Zeeman (2006) with the following adaptations. A 0.5 g aliquot of BY-2 cells (3-5 d old) was harvested every hour and samples were pelleted by centrifugation at 600 g for 2 min. Pellets were frozen in liquid nitrogen and stored at -80°C. Then 5 ml of 80% ethanol was added to the pellets and boiled for 3 min prior to centrifugation for 10 min at 10 000 g. This process was repeated three times. Ethanol was allowed to evaporate after the final wash and 2 ml of water was added to the pellet. Samples were sonicated to obtain a non-particulate homogeneous solution. Tubes were filled to 5 ml with water and aliquoted into 43 0.5 ml samples. Samples were boiled for 10 min to gelatinize starch, and 0.5 ml of sodium acetate (pH 5.5) was added to each tube. Amyloglucosidase (10 U; Sigma, UK) and a-amylase (5 U; Sigma) were added to two of the tubes and an equal amount of enzyme-free water was added to the other two control samples. All samples (four from each time point) were incubated for 4 h at 37°C and frozen overnight at -20°C. Samples were centrifuged for 10 min at 15 000 g and analysed with an NADH assay containing hexokinase and glucose-6-phosphate dehydrokinase (Sigma). The starch content of the samples was measured at OD 340 nm and calculated with the extinction coefficient for NADH+H + : change in OD/6.22. The mean value of A for control samples Ac was subtracted from the mean value of the samples treated with enzymes. The quantity of starch was obtained in lmol and converted to starch per g 
Results
Starch accumulation in BY-2 cells after BFA treatment
Interphase cells, both synchronized and non-synchronized, 3 d or 5 d after subculturing were treated with BFA. In BY-2 cells relatively low concentrations of BFA (10 lg ml À1 ) result in complete Golgi disassembly within 2 h. Prolonged incubation with BFA (over a period of up to 8 h) is possible without causing cell death. Control cells without BFA treatment contain few small starch granules when observed after iodine staining (Fig. 1A, arrows) . The starch content does not increase in untreated cells after 6 h of incubation during the same experiment (Fig. 1B) . After 1 h of BFA treatment, no significant increase in starch content was observed (data not shown), but after 2 h there is a clear change in size and number of granules ( Fig. 1C ). At this time point most Golgi stacks had disappeared and the Golgi-associated enzymes were relocated into the ER (data not shown; see Saint-Jore et al., 2002; Langhans et al., 2007) . In non-synchronized cultures, 3 h of BFA treatment were required to remove the Golgi apparatus completely. Further treatment led to continued growth of starch granules which were significantly larger after 3 h of incubation in BFA (Fig. 1D) . Small isodiametric cells tended to show larger starch granules (Fig. 1E, F) than larger elongated cells (Fig. 1G) .
Transmission electron microscopy confirmed the results obtained through Lugol staining. Plastids in BY-2 cells displayed typical proplastid features, with only one or two thylakoids present. In proplastids without thylakoids, undefined membrane structures within the stroma were occasionally observed ( Fig. 2A) . Prior to BFA treatment, starch granules were frequently present, with a maximum of three grains filling not more than half of the plastid. In agreement with the results obtained at the light microscope level, a significant increase in the amount of starch within a plastid was observed after 2 h BFA treatment (Fig. 2B) . After 4 h most of the plastid stroma was filled with starch grains (Fig. 2C ). Prolonged treatment resulted in a further increase in the quantity and size of starch grains, and after 7 h of BFA treatment grains of up to 3 lm in diameter dominate (Fig. 2D ). Untreated cells incubated for 6 h under the same conditions showed no significant difference in the amount of starch in the plastids (data not shown).
Accumulation of starch in C. noctigama has similar advantages to BY-2 cells regarding suitability for BFA treatment. Complete disassembly of the Golgi apparatus was observed in Chlamydomonas within 4 h in response to BFA (Hummel et al., 2007) . Plastids in this single-cell green alga are morphologically different from those in BY-2 cells and photosynthetically active tissues in higher plants, in the sense that Chlamydomonas has only one cup-shaped plastid per cell occupying more than half of the intracellular space (Proschold et al., 2001) . Starch deposits are usually found in interthylakoid spaces and, depending on the day-night cycle, Chlamydomonas plastids can either contain up to eight small starch grains within their stroma (Fig. 2E) or show no starch deposits, as is the case at the end of the night cycle. In the present experiments, BFA was always added during the light cycle.
As described for BY-2 cells, an increase in plastid starch also correlated with the disappearance of Golgi membranes in Chlamydomonas. An increase in starch was first observed after 3 h of BFA treatment (Fig. 2F) and most of the Golgi bodies disappeared after 4 h of treatment (Hummel et al., 2007) , when large starch grains dominated the plastid morphology (Fig. 2G) . Further treatment led to a continuous increase in the number of starch granules. Due to the fact that thylakoids appeared to limit the growth and fusion of starch granules, Chlamydomonas showed separate starch granules at all time points. However, when starch grains occurred within the same interthylakoidal space, they tended to fuse (Fig. 2H) . Control cells incubated for 6 h in the absence of BFA showed a slight increase in starch, but not to the extent seen in BFA-treated samples (data not shown).
Starch accumulation in A. thaliana
In Arabidopsis roots, plastids show the same proplastid features as described for BY-2 cells. Some plastids were starch free (Fig. 3A) , whilst others contained small starch grains (Fig. 3B) which differ in size depending on their proximity to the root cap. After 2 h of BFA treatment (50 lg ml À1 ) most of the observed plastids contained starch, which filled up more than half of the plastid volume (Fig.  3C, D) . The starch content increased continuously during further treatment with BFA, even though BFA did not completely disassemble the Golgi (Robinson et al., 2008) . Similar results were obtained in roots of maize treated with BFA (data not shown).
Cotyledonary leaves of Arabidopsis showed a different response in terms of BFA sensitivity, as Golgi bodies slowly disassembled (Fig. 3E, F) as described for Chlamydomonas and BY-2 cells (Hummel et al., 2007; Langhans et al., 2007; Robinson et al., 2008) . A 3 h after the initial treatment, cisternal length decreased from between 800 nm and 600 nm to ;300 nm, with considerable vesiculation (Fig. 3F) before the Golgi stacks eventually disappeared. From this time on the starch content in chloroplasts increased significantly (Fig. 3L) as compared with untreated cells (Fig. 3G, H) which had no or only small starch grains. After 4 h treatment with the inhibitor nearly all plastids exhibited large starch grains (Fig. 3J) . Starch accumulated during further BFA treatment up to 6 h, although within a single sample the number and size of starch granules differed (Fig. 3K, L) .
Golgi disassembly and starch accumulation in Sar1-GTP plants
As an alternative strategy to disrupt the Golgi apparatus, a GTP-locked dominant-negative mutant version of the small GTPase Sar1p (Sar1-GTP) was utilized. Expression of Sar1-GTP results in blockage of COPII-mediated ER to Golgi protein transport and redistribution of Golgi markers into the ER (Andreeva et al., 2000; Takeuchi et al., 2000; daSilva et al., 2004) . Transgenic tobacco plants containing Sar1-GTP under the control of a dexamethasone-inducible promoter (Craft et al., 2005; Samalova et al., 2005) were created and characterized (Osterrieder et al., 2010) . When analysing the effects of Sar1-GTP expression on the Golgi stacks at the ultrastructural level, a significant increase in the starch content of plastids during the Golgi disassembly process was also discovered, similar to the experiments with BFA described above. To monitor the disappearance of the Golgi apparatus during Sar1-GTP induction, the wellestablished Golgi marker ST-GFP was used (Boevink et al., 1998) , and the sequential disappearance of Golgi fluorescence coupled with an appearance of ER fluorescence was monitored over 18 h (Fig. 4A, C , E, G). Before Sar1-GTP induction, many plastids already contained small starch grains (Fig. 4B) . Basal starch levels depend on the level of light that the leaves were exposed to, but usually starch granules did not fill more than a third of the plastid as seen in thin sections. At 6 h after Sar1-GTP induction, the ST-GFP signal became weaker (Fig. 4C ), and at the ultrastructural level a decrease in Golgi cisternal diameter was observed (data not shown, but see Osterrieder et al., 2010) . At this time point, a build up of starch in plastids was already seen (Fig. 4D) . After 10 h, the ST-GFP signal was observed not only in Golgi bodies but also in the ER, reflecting a redistribution of the Golgi marker after blockage of ER to Golgi transport (Fig. 4E) . The amount of starch within the plastids increased significantly at this time point (Fig. 4F) . At 18 h after induction when ST-GFP was detected only in ER membranes (Fig. 4G) , plastids contained few but very large starch granules which almost filled the whole plastid (Fig. 4 H) . A significant increase in starch was not observed in the NII control plants (which only contain the first vector of the two-vector inducible system but not the inducible Sar1-GTP vector), even after 18 h treatment with dexamethasone ( Fig. 4J ).
Starch assays in BY-2 cells
By histology and electron microscopy it was demonstrated that starch accumulates in plastids upon Golgi disassembly. To confirm this phenomenon biochemically, an assay described by Smith and Zeeman (2006) was used, which was adapted to the BY-2 cell system. For these experiments, 3-and 5-day-old BY-2 cell cultures were used. In both cases starch content was measured for up to 7 h after addition of BFA (10 lg ml À1 ). Starch content in lg g À1 BY-2 cells was calculated by measuring change in absorption by NADH.
A continuous increase in starch was measured over the 7 h time period (Fig. 5) . Three-day-old cultures ( Fig. 5A ) exhibited a higher initial starch content compared with 5-dayold cultures ( Fig. 5B) , but both showed dramatic increases after 2 h incubation in BFA, with levels stabilizing after 6-7 h. This corroborates the data from histochemical staining and electron microscopy. The biochemical assay carried out in BY-2 cells did not show any significant increase in starch during 6 h in non-BFA-treated cells (Fig. 5) .
Uptake of fluorescent glucose in plastids during BFA treatment Figure 6 shows the uptake of fluorescent glucose with and without BFA treatment in BY-2 cells. During BFA treatment the fluorescent glucose analogue (2-NDBG) accumulated in spherical bodies. Plastid-like fluorescent features were observed after 3 h (Fig. 6A) . Prolonged treatment led to a continued increase in fluorescence in these structures (Fig. 6B) . After 6 h the number of 2-NDBG-positive cells increased and a large number of positive stained putative plastids were observed (Fig. 6C) . It would appear that fluorescent glucose is integrated into the starch molecules during treatment with BFA. Controls taken at the same time point and under the same culture conditions clearly show the presence of fluorescent glucose in the cytoplasm (Fig. 6D, E ). Even after 6 h of treatment no significant increase in fluorescent bodies was observed (Fig. 6F) . These results strongly suggest that blockage of Golgi secretion stimulates starch synthesis, since the integration of fluorescent glucose in plastid-like structures was not seen in control cells.
Discussion
The data presented here show that an increase in the starch level in plastids including chloroplasts, in a range of tissues and species, appears to correlate with an inhibition of secretion. Significantly, this cannot be attributed directly to a secondary effect of BFA treatment as the same result was obtained when ER to Golgi transport was inhibited by expression of a GTP-locked form of the Sar1p GTPase. This treatment has also been shown to result in a complete disassembly of the Golgi apparatus (Andreeva et al., 2000; Takeuchi et al., 2000; Osterrieder et al., 2010) .
The prime targets of BFA are guanine nucleotide exchange factors (GEFs), involved in the activation of ADP ribosylation factors (ARFs) which are small GTPases primarily involved in the initiation of the coatomer complex around Golgi-derived COPI vesicles (Robinson et al., 2008) . Disruption of the vesicle coat results in resorption of Golgi membrane into the ER as observed through live cell imaging of GFP-tagged Golgi proteins (Saint-Jore et al., 2002) . In Arabidopsis the first ARF-GEF to be described, GNOM, localizes to components of the endocytic pathway and is BFA sensitive, and loss of function results in aggregation of the trans-Golgi network and late endosomal membranes (Geldner et al., 2003; Grebe et al., 2003) . Interestingly, it has been suggested that Arabidopsis Golgi stacks themselves are not affected by BFA as the Golgilocated ARF-GEF GNL1 (GNOM-like1) is resistant to the drug (Richter et al., 2007) . However, Robinson et al. (2008) have suggested that in Arabidopsis roots BFA does in fact have a morphological effect inducing Golgi stack aggregation and curvature, whilst in leaves it induces complete Golgi disassembly. These authors postulate that BFA is tissue and not plant specific (Robinson et al., 2008) . The results presented here, based on an increase in plastid starch in response to BFA, suggest that in Arabidopsis roots secretion is compromised by the drug, even though the Golgi apparatus may not be completely destroyed by BFA treatment.
If compromising Golgi activity results in loss of secretory activity, then it is not unreasonable to presume that the data presented here provide strong evidence for the hypothesis that Golgi activity has a direct effect on the carbohydrate status of the cytoplasm and that, under particular circumstances, free carbohydrate may be redirected to the plastids for conversion into starch (Fig. 7) . As the Golgi apparatus plays a mayor role in the biosynthesis of cell wall material (Reyes and Orellana, 2008) , and in protein glycosylation (Steinkellner and Strasser, 2003) , a steady supply of nucleotide sugars for import across cisternal membranes is required and disruption and/or loss of the cisternal stacks could result in a build up of cytoplasmic carbohydrate. A new study on the red microalga Porphyridium sp. which does not store starch in its plastids has shown that BFA leads to a change in cell wall composition and also to a build up of cytoplasmic starch (Keidan, 2009) . This supports the model of free cytosolic sugars being converted into starch and, along with the significantly higher accumulation of starch in dividing BY-2 cells in the present experiments, supports the direct linkage between cell wall production and cytoplasmic sugar contents. The results using fluorescent glucose loading of BY-2 cells indicate that blockage of Golgi function leads to an accumulation of fluorescence in punctate structures in the cytoplasm which could equate to plastid starch granules (Fig. 7) . These results support the contention that carbohydrate partitioning into plastids and starch synthesis is stimulated after secretion is inhibited. Smith and Stitt (2007) considered the possible relationship between carbon balance and growth processes as an additional factor involved in starch metabolism. It has been shown how carbon supply, and therefore the balance between starch degradation and synthesis, influences cellular processes involved in division and growth (Li et al., 2003; Osuna et al., 2007; Reyes and Orellana, 2008) . However, to date there is no direct evidence of a direct relationship between plastids and Golgi stacks in terms of sugar and carbohydrate supply. Starch synthesis and degradation is strongly related to the diurnal metabolism of photosynthesis. Mutant studies have provided significant insight into the proteins and signal molecules that are involved in controlling starch metabolism (Zeeman et al., 2004 (Zeeman et al., , 2007 Smith and Zeeman, 2006; Smith and Stitt, 2007) . The key function of ADP-glucose-pyrophosphorylase is to convert glucose-1-phosphate and ATP into ADPglucose. Mutations in enzymes involved in this pathway have a major influence on starch synthesis and degradation (Caspar et al., 1991; Lytovchenko et al., 2002) . Both genetic and biochemical evidence suggest a strong relationship between these pathways and the plastid lumen. However, despite the strong genetic evidence supporting plastidlocalized ADP-glucose production, this is not the only pathway of starch synthesis. Cytosolic enzymes appear to be involved in starch regulation (Baroja-Fernandez et al., 2004; Munoz et al., 2005) , although models involving cytosolic enzymes are highly controversial and further evidence is required for them to be included in the current model of starch metabolism.
Another possible explanation for an increase in starch during inhibition of secretion is a block in starch degradation or turnover (Fig. 7) . A major enzyme needed during starch degradation, a-amylase, has been suggested to be transported in the secretory pathway via Golgi membranes to its destinations in plastids and the extracellular space (Asatsuma et al., 2005; Kitajima et al., 2009) . Translocation across the outer membrane of chloroplasts could be achieved by fusion of post-Golgi vesicles with the outer chloroplast membrane. Via this pathway a-amylase is released into the space between the inner and outer membrane (Asatsuma et al., 2005) . Evidence is now growing in support of a direct transport route for ERsynthesized proteins from the Golgi to plastids and therefore Golgi disassembly should influence this arm of the secretory pathway (Villarejo et al., 2005; Nanjo et al., 2006; Radhamony and Theg, 2006) . It has been suggested that a-amylase is unnecessary for transitory starch breakdown in Arabidopsis leaves (Yu et al., 2005) . However, the main candidate for starch degradation in Arabidopsis appears to be a b-amylase, with four of the nine members of the family being located to chloroplasts.
Recently, it has been shown that in rice an a-amylase (Amyl-1) is transported to plastids via the Golgi apparatus and is involved in degradation of starch granules (Fulton et al., 2008; Kitajima et al., 2009) . In this study, AmyI-1-GFP labelled the ER network upon co-expression with the dominant-negative Sar1-GTP mutant. The present results open up the possibility that starch turnover is also blocked in such a manner, but obviously further studies need to be carried out to investigate the secretion of the different amylase homologues to plastids in the different cell types (Ziegler and Beck, 1986; Ziegler, 1988; Schupp and Ziegler, 2004) .
In conclusion, the present results suggest a strong influence of Golgi-based secretion on the regulation of the carbohydrate supply within a plant cell (Fig. 7) . It is a well known fact that photosynthetic active tissues such as leaves and Chlamydomonas are difficult systems with which to investigate the relationship between starch accumulation and Golgi secretion due to the light-induced accumulation of starch during the light period. For this reason, results could differ due to the fact that starch uptake might be simultaneously induced through photosynthesis. However, BY-2 cells are grown constantly in the dark and are not able to produce starch as products of the photosynthesis. A sugar source has to be added to maintain growth. Likewise, plastids in root tissue contain no chlorophyll. Various techniques have been used over the years to assay secretion such as radiolabelling of precursor sugars or amino acids prior to measurement of wall polysaccharides or secreted proteins (Driouich et al., 1993) , or the transfection of protoplasts to express the enzyme being assayed, for example a-amylase (Phillipson et al., 2001) or secretory phaseolin (Frigerio et al., 1998) . The present results offer the potential to develop a new and perhaps more rapid assay measuring quantitatively starch accumulation related to inhibition of secretion using BY-2 cells as a model. With such an assay it might be possible to investigate the influence which Golgi proteins or other potential regulators of the secretory pathway have on secretory activity simply by measuring plastid starch accumulation.
